We study the low-temperature in-plane magnetoresistance of tunnel-coupled quasi-onedimensional quantum wires. The wires are defined by two pairs of mutually aligned split gates on opposite sides of a I 1 micron thick AlGaAsIGaAs double quantum well heterostructure, allowing independent control of their widths. In the ballistic regime, when both wires are defined and the field is perpendicular to the current, a large resistance peak at -6 Tesla is observed with a strong gate voltage dependence. The data is consistent with a counting model whereby the number of subbands crossing the Fermi level chan, Des with fie!d due to the formation of an anticrossing in each pair of ID subbands.
work in coupled quantum dots has produced considerable evidence for coherent interdot coupling, whereby quantum dot "molecules" are formed. [6] By contrast, relatively little work has been done on coupled quantum wires (CQW). Early work examined CQWs defined in a single 2DES, whereby the coupling occurred laterally across a lithographically defined barrier. [7] More recently, vertically coupled quantum wires (VCQWs) were defined by mesa-etching a double quantum well heterostructure. [8] While this last approach enables a well-defined tunnel barrier, control over the ID wire widths is limited. and in any event cannot be performed independently for the two wires.
In this paper, we present an experimental magnetotransport study of a pair of closely coupled VCQWs whose widths are independently tunable. Using our previously developed epoxy-bond-and-stop-etch (EBASE) technique [9] a pair of vertically aligned split gates is defined by electron beam lithography on each side of a double quantum well heterostructure whose thickness is only 0.8 pn. This use of close-proximity split gates on both sides of the epitaxial layers allows the width of each quantum wire to be independently controlled. By examining the conductance as a function of the various gate voltages, five different regimes are clearly identified. We define these regimes by the dimensionalities of the two channels provided by the top and bottom quantum wells: (I) 2D-2D; (ii) 2D-1D; (iii) 1D-1D; (iv)
1D-pinched-off; and (v) both pinched-off. In the presence of an in-plane magnetic field oriented perpendicular to the current direction, we observe a large magnetoresistance peak at . -6 T in the ballistic regime. The peak is strongly dependent on the gate voltages, and occurs only in regime (iii), where quasi-1D ballistic wires are defined in both quantum well channels. We attribute the magnetoresistance peak to the depopulation of 1D subbands in the VCQWs as magnetic-field-induced 1D-ID anticrossing develops. The data is in qualitative agreement with a recent theory by Lyo. [ 101 The samples were fabricated from MBE-grown material consisting of two 200 8, wide GaAs quantum wells separated by an 11 A A1,,G%,7As barrier. For both the top and bottom quantum wells, a 1 x 10" cm" Si delta doping layer was separated by a 700 8, AlGaAs spacer layer. For both QWs, an additional 5 x IO" cm" Si delta-doping layer was placed 100 8, away from the first delta layer. Diffused AulGeMi made ohmic contact to both of the quantum wells. The EBASE process was used in conjunction with electron beam writing to fabricate aligned split gates of nominally identical dimensions on both sides of the epitaxial layers, as described in more detail elsewhere. All measurements were performed using a standard lock-in technique with 5 nA current at 0.3 K after brief illumination with an LED. Excellent reproducibility over thermal cycling was found.
In Fig. 2 we show the resistance of the lo00 A long device as a function of top splitgate voltage V,, with back split-gate voltage V, = 0. A number of features appear which correspond to transitions between the different regimes described above. At V, = 0, both channels are 2D. As V, is made increasingly negative, the channel resistance shows a clear shoulder at -0.35 V followed by a sharp increase at -0.8 V. These two features are due to the sequential depletion of first the top and then the bottom QWs in the regions directly beneath the top split gates. [13-141 Thus, at V, = -0.8 V, where electrons directly beneath the top split gate become completely depleted from both QWs, coupled ID channels are formed in both QWs. Hence this marks the transition from regime ii, the ID-2D case, to regime iii, the 1D-1D case. We note that a simple capacitance calcuiation predicts the complete depletion of electrons beneath the split gates at V, = -0.9 V, very close to the experimental value.
As V, is made further negative, we expect that both the widths and the electron densities of the quantum wires change [15] , and that the quantum wire in the top QW narrows more rapidly than that in the bottom, since the channel depth is comparable to the gate opening. At V, = -2.35 V, the channel resistance shows a weak plateau-like feature, where a definite change in the slope of the conductance curve is observed. [ 161 As V, is made yet more negative, a separate series of plateaux appear, corresponding to conductance steps quantized in units of 2e'/h, until the channei is completely pinched off at V, = -3.9 V.
The monotonic quantization in steps of 2e'h clearly indicates that only one channel is present for -2.35 V > V, > -3.9 V. Thus the plateau at -2.35 V-which is clearIy not part of the series of quantized steps-can be unambiguously identified as the point at which one of the two channels is pinched off. This point thus marks the transition from regime iii, the 1D-ID case, to regime iv, the ID-pinched-off case. [ 171 We note that plots of the resistance vs.
V, at fixed V, values appear very similar to Fig. 2 , except that the scale of the voltage axis is changed, so that the transition to regime iii, corresponding to formation of the VCQWs, occurs at -4.4 V, and both channels are pinched off at -8.4 V.
We now turn to the central result of this paper, the behavior of the VCQW devices in the presence of a magnetic field. As shown in Using the measured dark density values, we obtain B*?* = 6.5 T, in fair agreement with the data. The fact that the measured B*zD is slightly higher is consistent with a slight increase in density due to the brief LED illumination.
As V, is made more negative but remains below the transition to regime iii at -0.8 V, the 2D anticrossing features persist. Fig. 3(b) shows the magnetoresistance for V, = -0.7 V and V, = 0. The minimum remains at 7 T, but the background resistance has increased. In addition, it appears that a very weak broad resistance peak is superimposed on the 2D anticrossing features. As will be made clear below, this marks the beginning of the formation of the VCQW. Fig. 3(c) shows the magnetoresistance for VT = -0.8 V and V, = 0. This is just after the transition to regime iii, when the VCQW is formed and the system is 1D-ID. Although V, differs by only 0.1 V from Fig. 3(b) , the behavior of the magnetoresistance is dramatically different. A large broad peak in resistance appears, of magnitude -85 Q. The peak is centered near 6.5 T, slightly lower than the value observed in the 2D-2D case at V, = 0. The peak is also considerably wider than the 2D anticrossing features, with a full-width at halfmaximum of -3.5 T. in regime iii. This feature, which is so qualitatively different from that observed in the 2D-2D case, can thus be considered to be an intrinsic property of VCQW transport.
In Fig. 4 (a)-(b) , we plot the conductance G = 1/R as a function of B at several top gate voltages V,, with a fixed V, = 0. As shown in Fig. 4(a) , at V, = -1.0 V, the zero-field conductance is 24 (2e'h). As V, becomes increasingly negative and the top QW wire narrows, the zero-field conductance monotonically decreases and reaches 8 (2e'h) at V, = -2.5 V, when the top wire has completely pinched off. The dip in the magnetoconductance becomes smaller in amplitude as V, is made more negative, until disappearing completely at V, = -2.5 V. As indicated by the dotted line, the position B, , of the broad minimum moves to increasingly lower values as V, becomes more negative. In Fig. 4fb) . the in-plane magnetoresistance measurements at several backside gate voltages V, with fixed V, = -1.5 V show a similar behavior, but the shift in B, , as a function of V, occurs more strongly.
In Fig. 5 we show data from the 0.2 and 0.3 pm long VCQW devices, here plotted as magnetoconductance rather than magnetoresistance. The data from these longer devices are
. very similar to that described thus far for the 0.1 pm long device, except that the size of the features is reduced considerably. In the case of the 0.2 pm device, the magnetoconductance peak observed at V, = -0.7 V evolves similarly into a broad dip at V, = -0.8 V. Because the dip is shallower than in the 0.1 urn device, a superimposed remnant of the 2D-2D
conductance peak, presumably originating in the 2D leads, is relatively larger and hence gives the feature the appearance of a double minimum.
We now to turn to a discussion of the origin of the resistance peak. In a recent experiment by the Nottingham group [SI, a similar broad resistance peak at an in-plane magnetic field B = 10 T, perpendicular to the current, was observed in a VCQW defined by mesa etching. The wire had a lithographic width of 800 nm and length of 1.0 pm, and was fabricated in material with an elastic mean free path of -10 pm. In that work, the resistance peak was attributed to a semi-classical size effect. in which increased diffusive scattering occurs at the edges of the quantum wire. It was argued that for a field perpendicular to the current, the low-velocity electrons near the saddle-point of the field-distorted dispersion curve play a larger role in the conductance, producing the enhanced resistance peak.
However, it is unclear whether our data can be explained by this proposed size effect.
First, we note that the electron mean free path in the bulk, -10 pm, is much longer than the lithographic channel length of 0.1 pm. While some shortening of the mean free path is known to occur in quasi-1D structures, gate defined single quantum wires of 0.1 pm length in similarly high mobility material typically exhibit ballistic conductance. Indeed, that transport in our device is ballistic is further supported by our observation of quantized conductance steps when only one wire is occupied. Second, gate-defined electrostatic boundaries generally exhibit specular boundary scattering rather than diffusive. Qualitatively, the simple picture described above provides fair agreement with the data.
Although additional studies of longer wires are needed, the observed reduction in the size of the magnetoresistance peak with increasing wire length is consistent with our model, since fewer electrons will traverse the wire ballistically. We note that the shift of B,,, to lower field with increasingly negative V, in Fig. 4(a) is also consistent with the model. An increasingly negative V, not only narrows the width of the top quantum wire, but also raises the bottom of the wire's potential, reducing the electron density in all its 1D subbands. This results in a decrease in k,, and hence a decreasing B*,D, for each pair of coupled 1D subbands, resulting in a decreasing Bmn. A similar decrease in B , , occurs with increasingly negative V,, only significant stronger, as shown in Fig 4(b) . This stronger decrease of B,,, with negative V, is consistent with the back split gates being about four times further away from the VCQW. In that case the electric field lines from the gates are oriented more 10 vertically at the VCQW, causing a more rapid rise in the bottom of the VCQW's potential as its width decreases with negative gate bias. [ 151 Finally, although no direct quantitative comparison is available at present, preliminary calculations [lo] show behavior very similar to our data. This further supports our conclusion that the observed magnetoresistance peak occurring at fields of a few T is an intrinsic Fermi-surface related property of a ballistic coupled ID-1D system. We note that recent theoretical work predicts a possible edge-related effect in VCQWs due to widely differing widths of the top and bottom quantum wires [20] , and also a large in-plane 
